The story of HDL and its role in athero-protection begins in the artery wall where cholesterol-loaded macrophages have developed defense mechanisms to help them unload excess cholesterol. These defense mechanisms involve macrophage membrane proteins that utilize ATP (ATP-binding cassette transporters or ABCs) to promote cholesterol efflux onto HDL and its apolipoproteins 1 . It is now clear that there are at least two major players in this regard. One is ABCA1, the molecule that is mutated in Tangier disease, and the other one is ABCG1. ABCA1 promotes efflux of cholesterol and phospholipids onto lipid-poor Apo-A1, the major protein constituent of HDL (Fig 1) , while ABCG1 promotes cholesterol efflux onto HDL particles that have already been formed. ABCA1 and ABCG1 can act sequentially to promote cholesterol efflux, with ABCA1 serving to make HDL (this occurs mainly in the liver where ABCA1 adds free cholesterol and phospholipids to apoA-1 synthesized in the liver), and then ABCG1 acting to promote cholesterol efflux onto HDL particles. Interestingly, both ABCA1 and G1 are controlled transcriptionally, by a specialized transcription factor called LXR (liver-X-receptor) that acts in a complex with RXR (retinoid-X-receptor) so that when cells accumulate cholesterol some of that cholesterol gets turned into specific oxidized forms of cholesterol (oxysterols) that activate LXR and then up regulate ABCA1 and ABCG1. Very recently it has been discovered by Kathryn Moore and Carlos Fernandez-Hernando and their colleagues that there is another level of control of ABCA1 and ABCG1 involving a suppressor microRNA (a small kind of RNA that targets mRNAs for degradation) called miR-33 that acts to cause degradation of ABCA1 or ABCG1 protein and mRNA 2 . miR-33 is embedded in the sterol regulatory element binding protein 2 (SREBP2) gene, the master transcriptional regulator of cholesterol biosynthetic genes, so when cells are deprived of cholesterol they up regulate their SREBP2 and in so doing they activate this micro RNA, which turns off ABCA1 and ABCG1, limiting cholesterol efflux and helping to conserve cellular cholesterol.
Then, in the whole organism this cholesterol efflux pathway becomes integrated into a larger pathway mediating reverse cholesterol transport (RCT). The concept derives from original work by John Glomset and the term "reverse cholesterol transport" was originally coined by Dan Steinberg. In the schematic of RCT the idea is that macrophage cholesterol efflux is followed by esterification of cholesterol-to-cholesterol esters (CEs) by the lecithin:cholesterol acyltransferase (LCAT) enzyme in HDL. CEs are transferred in plasma by cholesterol ester transfer protein (CETP) from HDL to triglyceride rich particles. The CETP pathway is especially important in humans. In rodents, in particular, HDL components may be directly removed from the plasma by the scavenger receptor B1 (SR-BI) pathway, which mediates a process of selective uptake of HDL CE in the liver, which may be followed by excretion of cholesterol into bile. One of the debates that is ongoing is whether the anti-atherogenic activity of HDL requires up regulation of all of the steps involved in reverse cholesterol transport (i.e. cholesterol efflux from arterial wall foam cells, transport in the plasma, uptake in the liver and excretion into bile) or whether the antiatherogenic effect only requires increased cholesterol efflux from macrophage foam cells or other direct cellular activities of HDL such as anti-inflammatory effects.
Let me now discuss cholesterol ester transfer protein (CETP) and its inhibition in the overall context of RCT. When CETP is inhibited the overall rate of RCT is not changed. However, the route of RCT has changed. It is occurring through HDL instead of through VLDL and LDL. When CETP is inhibited, cholesterol efflux may be increased from macrophages but RCT overall is not increased. For that matter, niacin also increases HDL but probably does not increase fecal sterol output so it also does not increase overall reverse cholesterol transport. My personal view is that only the step at the interface between the artery wall and HDL needs to be up regulated to derive benefit.
Inhibiting CETP became a therapeutic strategy in 1989-90 when we and our colleagues in Japan characterized a genetic deficiency state of CETP and individuals who had homozygous deficiency were found to have remarkably elevated HDL levels of about 100-160 milligrams per deciliter 3 . Heterozygotes had an approximately 30 percent increase in HDL levels compared to unaffected family members. Thus, only 50 percent inhibition of CETP, equivalent to levels in heterozygotes would be required to raise HDL by as much as niacin, so this attracted a lot of interest. In addition, in that initial description we noted that homozygotes also had a 40 percent lowering of LDL cholesterol and ApoB, whereas heterozygotes showed a non-significant decrease in their LDL. This high HDL, low LDL phenotype is also seen after treatment of humans with potent CETP inhibitors. 4 Such agents lower LDL appreciably, as well as raising HDL, whereas less potent CETP inhibitors raise HDL without much effect on LDL.
It is important to recognize that different therapeutic approaches to raising HDL have really different effects on the kind of HDL that accumulates 5 .The most desirable agent for HDL raising would be one that increased the synthesis of Apo-A1 in the liver but so far this has proved tricky. Fibrate drugs do increase Apo-A1 and even more so Apo-A2 synthesis in the liver and this is probably part of their HDL raising mechanism. However, as found in studies like ACCORD and FIELD the degree of HDL elevation with agents like fenofibrate is quite modest. Infusing Apo-A1 appears to be beneficial in animal models and in humans. Recently, small molecules have been described that increase ApoA-1 mRNA in the liver, and modestly increase apoA-1 and HDL levels in plasma. 6 The next part of the HDL cycle would be to target the macrophage with LXR activators and this has been, in recent years, a Holy Grail because LXR activation up regulates cholesterol efflux and every step in reverse cholesterol transport, including up regulating CETP. The roadblock in this approach has been that LXR also up regulates SREBP1c and so very reproducibly causes fatty liver. Thus the task has become to make an LXR activator that is specific to the LXR-beta isoform which is expressed in the periphery more than the liver. 7 Other agents, like PPAR gamma activators such as pioglitazone also have a modest effect to up regulate ABC transporters and this could be involved in their HDL elevating activity. Finally, some agent decrease catabolism of HDL and this includes CETP inhibitors and niacin, leading to accumulation of large HDL-2 type particles including those enriched in Apo-E. Ernie Schaefer has shown recently that niacin also increases the synthesis of Apo-A1 in hyperlipidemic subjects 8 . Earlier studies with niacin that were done in healthy, normolipidemic subjects found that there was a decrease in the turnover or catabolism of HDL, explaining the increase in HDL levels. Continuing on the CETP theme after we discovered the genetic deficiency with this dramatic phenotype of high HDL and low LDL, it became very important to ask, "What are the effects of CETP inhibition on atherosclerosis?" We and others tried very hard in animal models to get to the bottom of this and in mouse models the results have been conflicting and confusing. What appeared to be a beautiful experiment was to make a transgenic mouse that expresses CETP. This reproducibly reduced HDL levels but effects on atherosclerosis were variable in different studies, depending on what other genes were present in the model. In Apo-E knockout mice, CETP expression did increase atherosclerosis but in some other models with high triglycerides CETP expression either had no effect or even reduced atherosclerosis 9 .
In contrast to the mouse models, in the rabbit CETP expression is pro-atherogenic 9 . CETP inhibition in approximately 20 different studies using various approaches in rabbits, with one exception in a Watanabe rabbit study, has been associated with reduced atherosclerosis. This also included a large study that was done in cholesterol-fed rabbits with Pfizer's CETP inhibitor torcetrapib, which reduced aortic atherosclerosis 10 . Despite this torcetrapib failed in human clinical trials. It is not known whether torcetrapib in rabbits caused hypertension and hyperaldosteronism as it did in humans.
The ultimate experiment to assess the effects of CETP inhibition must be done in humans and I wish I could stand up here and say there was a clear message. We studied the genetic deficiency in Japan, and basically the results of those studies are inconclusive. There was a well performed epidemiological meta-analysis carried out by John Danesh and his colleagues 11 . They did a meta-analysis of the Taq1B variant, which is a single nucleotide polymorphism (snp i.e. a change in a single nucleotide of a gene that is commonly observed in the general popualtion) in the first intron of the CETP gene. They also looked at two other snps in the CETP gene, one that changes an amino acid in a conservative fashion and then a third one. The overall pattern is that reduction in CETP levels and the modest increase in HDL associated with these snps was also associated in this meta-analysis with a reduction in coronary heart disease risk (Fig 2) . These polymorphisms are associated with small changes in HDL in the general population, about a 5-10 percent elevation of HDL. These effects were not different to the protective effect of HDL in the general population. You will note, of course, that the confidence intervals for these relationships almost touch the nonsignificant 1.0 risk ratio so these are modest effects but they are in the right direction. The Taq1B protective effect is statistically significant and certainly there is no indication here or in any other large study of CETP polymorphisms that there is an excessive risk so the studies overall indicate either a neutral effect or reduction in coronary heart disease risk.
Another approach involving CETP snps has come out of the genome-wide association studies. Perhaps amongst many different fields the most successful application of genomewide association studies has been in the elucidation of the genetic architecture of plasma lipoprotein levels in humans. Quite a few of these studies have been carried out by Sek Kathiresan at the Massachusetts General Hospital 12 . Something like 20-30 percent of the genetic variance in plasma lipoprotein levels has been explained by snps that have been identified in about 100 different genes, some of them known many of them unknown or previously unsuspected. 13 One such study looked at snps involving known genes regulating LDL and HDL metabolism and related them to plasma lipoprotein levels and also, to risk of coronary heart disease 12 . The snp that has the biggest effect on the variance of HDL levels in the general European population is in the CETP gene. In terms of LDL the Apo-E gene had the largest effect on variance in LDL. They made a genotype score where they took the the risk allele for LDL that would cause higher LDL or for HDL that would cause lower HDL and made a composite score for the LDL and HDL snps. The higher your score, the worse you did in this nested case control CHD study. The supplementary information for this paper showed that both the HDL snps and the LDL snps independently predicted risk.
The story that has come out of genome-wide association studies looking at relationships of snps in single genes associated with LDL or HDL levels to CHD is somewhat muddy. However, more recent analyses indicate that LDL, triglyceride and HDL genes all have relationships in some cases to coronary artery disease risk. 13 However, the LDL genes have the most consistent and strongest relationship.
Is the HDL that is associated with CETP inhibition or deficiency dysfunctional? We tried to look at this in ex vivo studies using HDL from subjects treated with CETP inhibitors or with genetic deficiency of CETP and we found that that this HDL showed increased cholesterol efflux 14 . This goes along with the finding that in a post hoc analysis carried out by Steve Nicholls of the ILLUSTRATE study, the imaging study done with torcetrapib, subjects in the top quartile of HDL on treatment actually, had regression of their atherosclerosis 15 . Finally, in recent studies we have examined HDL from subjects treated with the CETP inhibitor anacetrapib in an in vitro macrophage inflammation study 16 . In this experiment we pre-treated the macrophages with the HDL and then we add an inflammatory stimulus i.e. lipopolysaccharide. The HDL isolated from subjects following anacetrapib treatment was somewhat better than the pretreatment HDL in suppressing the inflammatory response. In ABCA1/ G1 knockout macrophages that extra beneficial effect was. Thus, the HDL is less effective as an anti-inflammatory agent in cells lacking the transporters but it still works.
To summarize, we may again ask the question: was the failure of torcetrapib due to the molecule or the mechanism? (Fig 3) Since that failure in 2006 it has been shown that there were significant off-target effects causing increased blood pressure, aldosterone, and potassium levels 17 . There was an excess of death from sepsis that could be mechanism related, perhaps related to immunosuppressive effects of HDL, or might be just a statistical aberration. It is also clear that in vitro, at least, HDL is not dysfunctional and with high HDL reduction of coronary atherosclerosis would suggest benefit. Of course, this can only be settled with further clinical trials and these are ongoing.
